Microcystins (MC) are the most studied toxins of cyanobacteria since they are widely distributed and account for several cases of human and animal poisoning, being potent inhibitors of the serine/threonine protein phosphatases 1 (PP1) and 2A (PP2A). The phosphatases PP1 and PP2A are also present in plants, which may also suffer adverse effects due to the inhibition of these enzymes. In aquatic plants, biomass reduction is usually observed after absorption of cyanotoxins, which can bioaccumulate in its tissues. In terrestrial plants, the effects caused by microcystins vary from inhibition to stimulation as the individuals develop from seedling to adult, and include reduction of protein phosphatases 1 and 2A, oxidative stress, decreased photosynthetic activity and even cell apoptosis, as well as bioaccumulation in plant tissues. Thus, the irrigation of crop plants by water contaminated with microcystins is not only an economic problem but becomes a public health issue because of the possibility of food contamination, and this route of exposure requires careful monitoring by the responsible authorities.
Introduction
Microcystins (MCs) are toxins produced by cyanobacteria, photosynthetic microorganisms that preferentially inhabit aquatic environments. Since they are photosynthetic, these microorganisms release oxygen as a result of carbon dioxide fixation and, therefore, have an important role in the primary production of the ecosystems where they occur. Furthermore, some species have developed the ability to fix nitrogen through specialized cells called heterocysts (Wehr and Sheath, 2003) . Consequently, cyanobacteria are extremely important for the incorporation of nitrogen into food chains. Cyanobacteria are widely distributed and can be found in terrestrial and aquatic environments, in endosymbiotic associations, and even in extreme habitats such as deserts, snow, inside rocks and in hot springs. However, most of the species are aquatic, being part of periphytic and phytoplanktonic communities in marine and freshwater environments (Komárek and Anagnostidis, 2005 Komárek, among others (Carmichael, 1992; Sivonen and Jones, 1999) . These metabolites are the most studied cianotoxins due to their wide distribution in the world and because of their toxicity to humans (Jochimsen et al., 1998; Chen et al., 2009; Giannuzzi et al., 2011) , domestic animals (Wood et al., 2010) , livestock (Orr et al., 2003) , as well as organisms from the aquatic biota (Deblois et al., 2008; Lance et al., 2008) .
The MCs are cyclic heptapeptides with D-alanine in position 1; D-erythro-β-methylaspartic acid (MeAsp) in position 3; 3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-46-dienoic acid (ADDA) in position 5; D-glutamic acid in position 6; and N-methyl-dehydroalanine (Mdha) in position 7 (Dawson, 1998; Dietrich and Hoeger, 2005) . Among approximately 80 variants described, microcystin-LR (MC-LR) with L-leucine in position 2 and L-arginine in position 4, is the most studied, and is commonly recorded in blooming events of toxic cyanobacteria at concentrations between 0.1 and 10 mg L -1 (Zegura et al., 2011) . Its LD 50 is about 50 mg Kg -1 per intraperitoneal injection in mice (Chorus and Bartram, 1999) . The amino acid Adda is regarded as the key component of the biological activity of microcystins (Carmichael, 1992) . The second and fourth amino acid position may differ in the composition of L-amino acids, thereby generating a large variety of molecules.
The MCs are potent inhibitors of phosphatases of the serine/threonine protein 1 (PP1) and 2A (PP2A) (Mackintosh et al., 1990) . Because these phosphatases are involved in the functional dynamics of hepatocystic cytoskeletons, their inhibition causes a disarrangement of the cell cytoskeleton, causing the death of these cells, leading to intrahepatic hemorrhage and sometimes causing death (Carmichael, 1992; Mackintosh et al., 1990; Wickstrom et al., 1995) . Furthermore, the MCs may promote the appearance of tumors in the liver, thus having a carcinogenic character (Duy et al., 2000; Falconer, 1991) .
Until the mid-1990s, few studies had been carried out on MCs. However, an incident in northeastern Brazil (Jochimsen et al., 1998) , in which dozens of people died due to contamination by cyanotoxins in a hemodialysis procedure, encouraged studies in the area.
However, not only animals can be infected by these toxins. Plants also contain phosphatases PP1 and PP2A and, when in contact with MCs, may suffer adverse effects due to the inhibition of these enzymes.
Effects of Microcystins on Aquatic Plants
The harmful effects of microcystins on aquatic plants have been investigated due to the possibility of these organisms becoming exposed to cyanotoxins present in the surrounding water.
Biomass reduction in aquatic plants is usually observed after absorption of cyanotoxins, which can bioaccumulate in tissues (Mitrovic et al., 2005; Saqrane et al., 2007; Yin et al., 2005a) .
It was observed in earlier studies reporting toxic effects in aquatic plants, a reduction in root length, dry mass and absorption of oxygen and nutrients on the macrophyte Phragmites australis (Cav.) Trin. ex Steudel, with allelopathic effects produced by a cyanobacterial bloom where the cyanobacteria Microcystis predominated (Yamasaki, 1993) .
Allelopathy is any direct or indirect effect, beneficial or harmful, produced by plants and microorganisms on another plant after the release of chemicals into the environment (Rice, 1984) . A decrease in the production of both photosynthetic oxygen and chlorophyll a and b content, as well as growth inhibition of Ceratophyllum demersum L. and Myriophyllum spicatum L. exposed to concentrations of 0.1 to 5 mg L -1 of MC-LR, showed that this toxin may have a possible allelopathic action (Pflugmacher, 2002) .
A decrease in the growth of Vallisneria natans (Lour.) Hara was observed after the absorption of MC-RR by seeds and seedlings exposed to a concentration 10-10,000 mg L -1 for thirty days, with differential accumulation and a dose-dependent relationship between the roots (0.6 to 14,800 mg Kg -1 fresh mass) and leaves (0.3 to 300 mg Kg -1 fresh mass) (Yin et al., 2005a) . In Lemna minor L. and Wolffia arrhiza (L.) Horkel. ex Wimm, besides a decrease in growth, an increase in activity of the enzyme peroxidase was observed after exposure, for five days, to concentrations of 10,000 to 20,000 mg L -1 MC-LR (Mitrovic et al., 2005) . There was in this case a positive correlation between the concentration of microcystins applied and found in the tissues of L. minor.
Oxidative stress during biotransformation of MC-LR via glutathione conjugate can be caused by an increase in the activity of antioxidant enzymes and glutathione content (GSH) in C. demersum when exposed to 5 mg L -1 of MC-LR (Pflugmacher, 2004) . After evaluating the activity of the enzyme glutathione S-transferase (GST), a possible metabolic detoxification was verified, similar to that occurring in toxic substances (xenobiotics) (Pflugmacher et al., 1998) .
A histological study on tissue culture of P. australis exposed to concentrations of MC-LR between 2,500-40,000 mg L -1 showed greater damage in the roots due to the obliteration of aerenchyma by callus material (Máthé et al., 2007) .
There was a reduction in growth, chlorophyll a and b content and oxidative stress in Lemna gibba L. grown for twelve days in culture medium containing MC-RR and MC-WR at concentrations between 75 and 300 mg L -1 . Bioaccumulation of toxins was observed in plant tissues. MC-RR and another unknown variant were detected in the fresh mass indicating a possible degrading metabolism of the plant toxin (Saqrane et al., 2007) .
Studies on the effects of MC-LR in the organization of microtubules and chromatin in root cells of P. australis demonstrated that the induction of abnormal mitotic cells coincided with concentrations where inhibition of protein phosphatases was greater than 50% (> 500 mg L -1 ) (Máthé et al., 2009 ).
Diverse Effects of Microcystins on Terrestrial Plants
There is a possibility that terrestrial plants, particularly those of the human diet, could be contaminated by cyanotoxins contained in irrigation water. Such a possibility motivated researchers to evaluate cyanotoxins effects on these organisms, paying particular attention to microcystins.
The effects of microcystins on terrestrial plants have also been linked to the enzymatic activities of these plants. One example of this effect was a decrease in the activities of phosphatase proteins 1 (PP1) and 2A (PP2A) in Brassica napus L. when exposed to MC-LR (Mackintosh et al., 1990) . There was also a reduction in the activity of the enzyme sucrose-phosphate synthase resulting from the inhibition of PP1 and PP2A by okadaic acid and MC-LR in leaves of Spinacia oleracea L., both in vitro and in vivo, causing a decrease in the biosynthesis of sucrose and the fixation of carbon dioxide (Siegl et al., 1990) .
The cultivation of cells of Arabidopsis thaliana (L.) Heynh, exposed to antioxidant enzyme activity at 10, 100, 1,000 and 5,000 mg L -1 of MC-RR for 24 h and 48 h, showed oxidative stress in the two highest concentrations for the longest exposure (Yin et al., 2005b) . Responses to oxidative stress when increasing the activity of antioxidant enzymes were also observed in seedlings of Lepidium sativum L. exposed to commercial MC-LR and an extract of M. aeruginosa with 0.5 mg L -1 of total MC, containing MC-LR and MC-RR (Stüven and Pflugmacher, 2007) .
Brassica chinensis L. and B. napus plants grown under various concentrations of MCs (equivalent to 0.008 to 4 mg L -1 MC-LR) for seven days displayed inhibition of growth and development. In this study, activities of superoxide dismutase (SOD), peroxidase (POD) and catalase (CAT) demonstrated that exposure to MC manifested itself in the form of oxidative stress (Xue et al., 2010) .
El Khalloufi et al. (2011) evaluated the effects of different concentrations of MCs on the development of symbiosis between Medicago sativa L. and rhizobia strains and observed a reduction in growth of both the plant and the bacterial nodules. It was also found that exposure of alfalfa seeds and seedlings to concentrations of 0, 2.22, 11.12 or 22.24 mg L -1 MCs affected all stages of plant development and led to reduced root length.
Effects of microcystins on protein phosphatases were found in Medicago sativa L. Exposure of plants grown in garden soil and treated with 4 mL every other day for a week at a concentration of 5 mg L -1 MC-LR led to a reduction in the activity of PP1 and PP2A (Peuthert et al., 2008) . Slightly lower inhibition was obtained with M. aeruginosa cell extract containing 5 mg L -1 of MC-LR, while no inhibition was obtained with Synechocystis spp. (no microcystinproducing) cell extract.
Other effects of microcystins on terrestrial plants have also been evaluated for photosynthesis. These effects have demonstrated, for example, reduction in the net rate of photosynthesis in the leaves of Phaseolus vulgaris L. exposed to 10,000 and 100,000 mg L -1 . It was observed, in this same study, a greater inhibitory effect following topical application of an aqueous solution containing MC-LR and multiple applications at lower concentrations (Abe et al., 1996) .
The observation of multiple effects of microcystins, such as reduction in growth, productivity, activity of photosystem II and increase in the accumulation of nutrients in the plant roots of P. sativum L., Lens esculenta Moench, Zea mays L. and Triticum durum L., has been increasingly frequent. Saqrane et al. (2009) observed that plants, irrigated every third day for thirty days with the crude extract from bloom cells containing six variants of microcystin at concentrations of 500, 1,050 and 4,200 mg L -1 , accumulated different amounts of the toxin in their organs.
In six varieties of Spinacia oleracea L. grown in garden soil for six weeks, irrigated twice a week with 50 mL of aqueous cell-free extract containing 0.5 mg L -1 of MC-LR, a reduction in growth, production of photosynthetic oxygen, chlorosis and oxidative stress was observed .
Inhibitory Effects on Seeds, Seedlings and Young Plants
Seeds, seedlings and young plants show substantial sensitivity to microcystins. The growth of Synapis alba L. seedlings was inhibited when exposed for eight days at concentrations between 100 and 100,000 mg L -1 of microcystins, with LD 50 value of 3000 mg L -1 and they were thus indicated for bioassays (Kós et al., 1995) . Likewise, the cultivation of S. alba seeds for seven days in solidified nutrient medium containing concentrations of purified MCs between 500 and 40,000 mg L -1 showed inhibitory effects on seedling development. For MC-RR there was a dose-dependent reduction in seedling length and activity of PP1 and PP2A, LD 50 value of 800 mg L -1 . Moreover, the absorption of MC-LR was also dose-dependent, and a concentration of 5.3 mg Kg -1 of fresh mass was found in seedlings with healthy appearance (Kurki-Helasmo and Meriluoto, 1998) .
Seeds of L. sativum seem to be more sensitive to low concentrations of toxin, after exposure for six days at 10 mg L -1 of MC-LR, or to cell-free extract containing 1 or 10 mg L -1 MC-LR (Gehringer et al., 2003 . Slight growth inhibition (10%) was observed for B. oleracea var. italica. Through mass spectrometry, only MC-LR was detected in the roots of the plants at concentrations of 900 to 2,600 mg g -1 fresh mass (Järvenpää et al., 2007) .
Through the germination of seeds of Pisum sativum L., L. esculenta, Z. mays and T. durum in filter paper soaked with cell-free extract containing MC-LR at concentrations between 1,600-11,600 mg L -1 , a dose-dependent relationship was observed in both germination inhibition and length decrease of the epicotyl and primary root as well as in the number of lateral roots due to abnormalities caused to the pericycle. Furthermore, the damage was irreversible to the most sensitive species (P. sativum) and reversible to the least sensitive (L. esculenta) (Saqrane et al., 2008) .
Increase in the germination speed of B. napus and Brassica chinensis L. seeds was observed after exposure to low concentrations of cell-free extract from blooms containing MC-RR (1 and 10 mg L -1 ). In this same material, reduction was observed at higher concentrations (100 and 1,000 mg L -1 ), the degree of inhibition varying according to the stage of plant life, with younger individuals and those with longer exposure time being the most affected (Bibo et al., 2008) .
Effects of extracts of Microcystis aeruginosa strains (microcystin producing and non-producing) during germination and root growth of grasses (Festuca rubra L. and Lolium perenne L.) and lettuce (L. sativa) were evaluated (Pereira et al., 2009) . A clear inhibition of root growth in L. sativa exposed to strains containing microcystins (5.9 to 56.4 mg L -1 ) was observed. However, the lineage that produced the most pronounced effects contained the lowest concentration of microcystins, suggesting that other compounds may also affect cell growth. Seed germination was not affected in any of the plants studied.
Alkylbenzene sulfonate (LAS), an anionic surfactant, widely used for industrial and domestic applications, and MC-LR are widely distributed in terrestrial and aquatic ecosystems, but their combined ecotoxicological effects were unknown (Wang et al., 2011) . After investigation of the toxic effects of MC-LR, LAS and their mixture in L. sativa, and after evaluating the degree of accumulation of MC-LR in lettuce with or without LAS, Wang et al. (2011) observed changes in seed germination and aerial root growth, where seedling growth was more sensitive than germination in toxic exposure. These results suggest that there is a synergistic interaction between MC-LR and LAS.
Accumulation of Microcystins in Plant Tissues
It is known that natural contact between terrestrial plants and microcystins is rare. However, there are many studies reporting the effects of various concentrations of microcystin, both on the development of some plants and on the accumulation of leaf tissue (Codd et al., 1999; Crush et al., 2008) . The uprising of this information was possible because an important contamination pathway, otherwise neglected, has been taken into account by researchers, that is, plant irrigation with contaminated water. Irrigation of several crop plants, including vegetables, may lead to lower production levels, as well as to human contamination through consumption (Chen et al., 2004) . Codd et al. (1999) verified the presence of microcystins and individual cells and colonies of M. aeruginosa in leaves of L. sativa ten days after the last irrigation with water containing the toxin-producing cyanobacteria. Subsequently, Crush et al. (2008) observed the contamination of L. sativa when irrigated with water containing microcystin at a concentration of 1,700 mg L -1 for ten days, with a risk of ingestion of 3.3 mg when consuming 40 g of salad. Hereman and Bittencourt-Oliveira (2012) observed contamination of L. sativa irrigated at a lower concentration, similar to natural concentrations between 0.62 to 12.5 mg L -1 , with a risk of ingestion of 0.33 to 7.11 mg, which could exceed the daily tolerable value of 0.04 mg Kg -1 of body mass/ day recommended by the World Health Organization (WHO, 1998) .
Other species of significant economic and dietary importance were assessed. In seedlings of eleven species (Glycine max (L.) Merril, P. vulgaris, Z. mays, among others) grown on solidified medium exposed to MC-LR and LF and cell-free extract containing MC-LR, for 24 hours at a concentration of 5 mg L -1 , presented bioaccumulation in their roots (12 to 127 mg Kg -1 fresh mass) higher than in their stems (1.0 to 64 mg Kg -1 fresh mass) (Peuthert et al., 2007) . A correlation of bioaccumulation with measured cellular damage was found due to lipid peroxidation.
The method of application of the toxin interferes with its absorption. When 100 mL of crude extract from blooms containing 1,700 mg L -1 of ten variants of microcystin In fruit trees such as apple (Malus pumila Mill.), bioaccumulation of microcystins in their tissues, as well as harmful effects, were caused by in vitro exposure to crude extracts of MC-LR-producing M. aeruginosa (Chen et al., 2010) . After exposure to MCs (above 0.3 mg mL -1 ), growth and proliferation of shoots of M. pumila decreased dramatically. Additionally, after 14 days of exposure to 3 mg mL -1 of microcystin, the plant accumulated an amount equivalent to 36.45 ng g -1 day. Exposure to cyanotoxins by humans through different routes is a matter of serious concerns by worldwide authorities. The current legislation of different countries usually considers the recommendations given by the World Health Organization (WHO) about the risks of contamination and limits of acceptable concentrations of cyanotoxins, both in drinking water and in the daily intake by any other route. Consumption by humans of food contaminated with cyanotoxins could be an exposure route that has not been given enough attention.
Generally, there are various effects caused by microcystins on plants. According to Babica et al. (2006) , one must consider that the effects observed in most studies are achieved at much higher concentrations than those commonly found in nature (<10 mg L -1 ). This could indicate that the action of microcystins as allelopathic compounds on photoautotrophic competitor organisms has a low probability. However, according to Leflaive and Ten-Hage (2007) , based on evolutionary, ecological and physiological aspects, at least some toxins, including microcystins, demonstrate allelopathic characteristics over photoautotrophic competitors.
It still requires much more studies to conclude if, or if not, cyanotoxins cause allelopathic functions. This is an issue demanding, therefore, a carefull data analysis and interpretation. The production of cyanotoxin itself has been indicated as necessary for the functional part of the cyanobacteria metabolism.
Conclusions
Studies have shown that phytotoxicity of microcystins interferes with metabolism and biomass of aquatic and terrestrial plants, causin reduction of protein phosphatases 1 and 2A, oxidative stress, decrease in photosynthetic activity and even apoptosis.
Sensitivity occurs in seeds and seedlings, and even in mature plants, in which the root is usually the most affected organ because of its greater contact with microcystins. Therefore, damage is generally more extensive with greater exposure time and concentration of the toxin.
Exposing crops grown to microcystins contaminated water is an issue beyond mere economic damages. The possibility of food contamination is, by far and large, a matter of public health requiring, therefore, a severe monitoring of this exposure pathway by the government officers.
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